The aim of these studies was to investigate maternal entrainment of developing circadian locomotor activity rhythms in the Siberian hamster. In Experiment 1, mothers were transferred from a 16:8 LD cycle into constant dim red light (DD) from the day of parturition, and wheel-running activity of the mother and pups was individually monitored from the time of weaning. The phases of the individual pups' rhythms were found to be synchronized both to the phase of the mother and to the phase of lights off (ZT 12) of the photo cycle that the mother was exposed to until the day of parturition. To investigate whether this synchrony might reflect direct effects of light acting upon the fetal circadian system in late gestation, the experiment was repeated but with mothers placed into DD early in pregnancy (≤ day 7 of gestation). The results were similar to the first study, suggesting that the mother rather than the photo cycle during the latter part of gestation entrains the developing circadian system. The third experiment investigated whether this entrainment occurred during the postnatal period. Breeding pairs were maintained on alternative light-dark cycles, LD and DL, that were 12 h out of phase. Litters born to mothers on one light-dark cycle were exchanged on the day of birth with foster mothers from the reversed light-dark cycle, then raised in DD. Control litters exchanged between mothers from the same light-dark cycle had similar litter synchrony as shown by nonfostered litters of Experiment 1. However, pups cross-fostered with mothers on reversed LD cycles showed a very different distribution of pup phases. Pups were not synchronized to their natural mother but to their foster mother. Moreover, pups were more scattered over the 24-h period and were found to be significantly synchronized to the phase of the reversed LD cycle. These results demonstrate the occurrence of postnatal entrainment in the Siberian hamster. The increased scatter produced by the cross-fostering paradigm results from some litters being completely entrained to the phase of the foster mother, some with an intermediate distribution between the phases of the natural and foster mothers, and a minority being associated with the phase of the natural mother. These results suggest that Siberian hamster pups are initially synchronized either prenatally or at birth but that the mother continues to provide entrainment signals during the postnatal period.
INTRODUCTION
Studies in the rodent have revealed that the mother is pivotal in the synchronization of her litter's locomotor rhythms to the appropriate circadian phase. In particular, maternal communication of circadian phase to prenatal and postnatal animals has been studied in some detail in the rat and Syrian hamster (see Reppert et al., 1989; Takahashi et al., 1989; Reppert, 1995 , for reviews). The mother is capable of setting the phase of the perinatal circadian clock at a stage when the animal has not yet developed the ability to receive direct cues from the environmental LD cycle. These entraining events first occur before birth (Deguchi, 1975; Hiroshige et al., 1982; Reppert and Schwartz, 1983, 1984; Davis and Gorski, 1986 ) and, at least in the rat, appear to continue into the early postnatal period Reppert and Schwartz, 1986b) . Moreover, postnatal maternal entrainment has also been demonstrated in another altricial rodent, the field mouse (Mus booduga) (Viswanathan and Chandrashekaran, 1985) . It is not yet known whether this mechanism of entrainment is common to all altricial rodent species. While various studies have provided strong evidence for the occurrence of maternal entrainment during the prenatal period, the results of studies that have examined maternal entrainment of the postnatal animal have been variable, even within the same species (i.e., the rat, reviewed in Takahashi et al., 1989; e.g., Deguchi, 1975 e.g., Deguchi, , 1977 Takahashi and Deguchi, 1983; Reppert and Schwartz, 1986b; Hiroshige et al., 1982; Honma et al., 1987; Takahashi et al., 1982) .
The aim of the current investigation was to determine whether maternal entrainment occurs in another altricial rodent species, the Siberian hamster. In this species, the requirement for a maternal entrainment mechanism is perhaps even greater than for the rat and Syrian hamster. While the laboratory rat is unresponsive to seasonal day-length cues (Aubert et al., 1989) and the Syrian hamster does not show reproductive responses to seasonal photoperiodic cues until adulthood (Goldman, 1989) , the Siberian hamster is extremely responsive to environmental photoperiod early in life to time puberty and other seasonal responses of growth, metabolism, and behavior (Goldman, 1989; Ebling, 1994; Weaver and Reppert, 1989b) . This prepubertal seasonality in the Siberian hamster relies on an appropriately synchronized circadian clock early in development for the generation of an accurate melatonin signal that is compared to mela-tonin signals received prenatally from the mother, thus providing a precise neurochemical measure of changing day length (Weaver and Reppert, 1989b) . Although the ability of the pineal gland to secrete measurable amounts of melatonin does not occur until 15 days after birth (Tamarkin et al., 1980; Yellon et al., 1985) , it is clearly essential that the underlying circadian system that drives pineal function is entrained precisely to the ambient LD cycle such that an accurate melatonin profile reflecting night length is produced when pineal function first matures. Several studies demonstrate the key importance of appropriate melatonin signals at the age of weaning (~18 days) in this species (Finley et al., 1995; Prendergast et al., 1996) . Moreover, given the clearly demonstrated role for melatonin in conveying seasonal information to the developing Siberian hamster (Weaver and Reppert, 1989b; Gunduz and Stetson, 1994; Prendergast et al., 1996) , this species may be an especially suitable model for investigating whether melatonin also conveys circadian information from the mother to fetus or pup. This is important because the role of melatonin in maternal entrainment is unclear in rats and Syrian hamsters, where melatonin appears to be one of several redundant signals (Reppert and Schwartz, 1986a; Davis and Mannion, 1988; Reppert, 1995) .
The aims of the current experiments were first to determine whether maternal entrainment exists in the Siberian hamster and, if so, whether it can occur postnatally. To assess the role of maternal entrainment in the Siberian hamster, this study applied a behavioral assay to determine the effects of various treatments during the pre-and postnatal periods on the circadian phases of the litter. This approach of monitoring behavioral rhythms postweaning to examine earlier events of maternal entrainment was pioneered by Deguchi and has been used extensively by Davis and coworkers (Deguchi, 1975 (Deguchi, , 1977 ; methodology reviewed in Davis, 1989) . The advantage of measuring behavioral rhythms rather than endocrine rhythms is that long-term records from individual animals can be obtained automatically without disturbing the subject, so it is a noninvasive procedure.
Experiment 1 investigated the existence of maternal entrainment by removing any LD cues during the postnatal period and examining litter synchrony and phase relationship between the pups and the mother. It was predicted that if maternal entrainment occurs, then the phases of the pups would be synchronized with that of the mother. This was investigated further in Experiment 2 where maternal co-ordination of pup circadian phase was examined following a longer period of isolation from LD cues for the majority of gestation and the entire postnatal period. This was to test whether the pups in Experiment 1 were being entrained by light cues in utero or on the day of birth, as opposed to maternal cues. It was again predicted that the maternal entrainment would co-ordinate pup circadian phases. Experiment 3 tested the occurrence of postnatal and prenatal entrainment. This was achieved by examining the effect on pup circadian phase of cross-fostering litters with mothers on reversed LD cycles. It was predicted that if effective maternal entrainment occurred during the postnatal period, then the phases of the pups would be in the direction of the phase of the foster mother and reversed to that of the phase of the natural mother. The occurrence of prenatal entrainment would be revealed if either the phases of the pups were directed toward the natural mother or if the phases of the pups showed a variable or an intermediate arrangement between the phases of the natural mother and the foster mother.
MATERIALS AND METHODS

General
Studies were carried out on Siberian hamsters (Phodopus sungorus), obtained from the breeding colony in the Department of Anatomy, University of Cambridge (Ebling, 1994) . Breeding pairs were maintained on a 16 h light: 8 h dark photocycle with lights off at 15:00. Light was provided by fluorescent strip lights (300-400 lux or 100 lux, 55 µWcm -2 ), and during the dark phase the room was illuminated by dim red light by red lights (< 14 lux or < 21 lux, 2.3 µWcm -2 ) to aid experimental manipulations. The breeding pairs were checked daily for new litters so that the date of birth could be recorded, defined as postnatal day (PD) 1. Light-proof rooms and light-tight photoperiod chambers (2 m × 60 cm × 50 cm, ventilated black wooden boxes) were used to house breeding pairs on a reversed LD cycle, with lights off at 03:00. In generating the reversed LD cycles, illumination in the photoperiodic chambers was provided by a fluorescent strip light (1000 lux, 220 µWcm -2 ). Recording of activity rhythms took place in the same chambers after weaning; dim red light (designated DD) was provided throughout by 1-2 small 15 W red light bulbs (< 1 lux, 300 nWcm -2 ). Chambers were held within light-proof rooms, and when animals were kept in constant dim red light, chambers were only opened in dim red light (1 lux, 800 nWcm -2 ). Breeding animals and isolated mothers with litters were kept in large plastic cages (35 × 18 × 23 cm), and weanlings were kept in smaller cages (30 × 11 × 13 cm). Experimental animals and breeding pairs were kept at constant temperature (22-25ºC) , and food and water were available ad libitum.
Activity Recording
Rhythms of locomotor activity were monitored by recording wheel running and in some cases by general movement using passive infrared detectors (Racal Guardall IR77, MKII, Racal Electronics Ltd., UK). Animals from the same litter were not positioned adjacent to one another. Wheel-running activity was detected when a cam on the outside of the wheel broke a small light beam generated by a light-emitting diode. Infrared detectors allowed monitoring of locomotor activity even when animals did not run in their wheels. Activity recording was carried out using Dataquest III and Dataquest IV software (Minimitter, Sunriver, OR, USA), run on Viglen personal computers (Viglen Computers Ltd, London, UK). Data were collected in 10min time bins and analyzed using the same software. In all experiments, wheel-running activity was monitored for at least 21 days.
Data Analysis
Activity traces were plotted and analyzed to determine the phase of activity onset at weaning, defined as CT 12, for individual pups and mothers. Estimation of CT 12 was determined by drawing a line by eye through at least 7-10 consecutive activity onsets on double-plotted actograms. Free-running periods were calculated from the slope of this fitted line. All lines were fitted by two individuals who were independent of the experimenter and who were blind to the treatments. The mean phase (µ) and cluster among phases (r) were determined for all individual litters, with perfect synchrony r = 1, and for complete scatter or random distribution r = 0, r being the mean vector length. The Rayleigh test (Batschelet, 1981) was used to examine statistically the synchrony among pups, to determine whether a given distribution was significantly different from uniform. This test was carried out for the grouped distributions but could only be carried out on those individual litters comprising 5 or more pups, thus statistical analysis of within-litter synchrony was not possible in the majority of cases.
The Mardia-Watson-Wheeler test (Batschelet, 1981) was applied to assess whether there was a significant difference between the distribution of two groups of phases, either in the mean phase or in the circular variance (scatter), or in both measures. The terms cluster and synchrony are used synonymously to describe the relationship between individual phases of the pups, that is, how close they are to one another. This is the converse of scatter. These circular statistical tests were carried out using equations and tables found in Batschelet (1981) .
Other statistical analyses were carried out using the Statview programme (v1.03, Abacus Concepts Inc., Berkeley, CA, USA) run on a Macintosh computer. One-factor analysis of variance (ANOVA), and twotailed t-tests were used to determine treatment effects. Post-hoc comparisons were made using Dunnett's ttest. Nonparametric tests were used when data did not follow a normal distribution: Mann Whitney U tests and Kruskall-Wallis one-factor ANOVA were used to determine treatment effects. For all tests, significance was set at the p < .05 level.
Experiment 1: Development of Circadian Rhythms in the Absence of a Postnatal LD Cycle
Breeding pairs were maintained on a long-day LD cycle (16:8) with lights off at either 15:00 (LD group) or 12 hours out of phase with lights off at 03:00 (DL group). On the day of birth, the male breeder was removed from the cage containing the mother and pups. The cage was placed into DD at ZT 12 (i.e., 15:00 or 03:00). On PD 18, pups were weaned and placed in individual cages with small running wheels and the mother was left within the original cage but with the addition of a large running wheel. The timing of weaning was restricted to a 4-h period (11:00 to 15:00) to control for any potential influence on the phases of the mother and pups.
Experiment 2: Effect of Absence of a LD Cycle During the Prenatal Period on the Co-Ordination of Litter Phase
Establishing synchrony between litter mates in the absence of postnatal light cues does not automatically demonstrate maternal co-ordination of neonatal rhythms. It is possible that the LD cycle to which the dam is exposed during the prenatal period may have a direct in utero effect on the fetal animals, as has been demonstrated in the precocious rodent, Acomys cahirinus (Weaver and Reppert, 1989a) . To test this hypothesis, breeding females were maintained in DD for the latter two thirds of the gestation period (i.e., starting before predicted SCN neurogenesis) as well as during the entire postnatal period. To achieve this, breeding pairs were maintained on long-day LD cycles with lights off at 15:00. On the day of birth, pups were removed from the mother. Dams were then maintained in LD together with breeding male partners for the next 7 days, after which they were isolated in DD. It was expected on the basis of previous breeding records (Ebling, 1994 ) that mating would occur at least once if not twice during this 7-day postpartum period. Females that gave birth to a second litter after 11 to 13 days in DD were studied. Pups were maintained in DD throughout the suckling and postweaning periods. Animals were weaned, wheel-running activities monitored, and mother and pup phases analyzed as described above.
Experiment 3: Effect of Cross-Fostering Litters with Dams on Reversed LD Cycles
A cross-fostering paradigm was used to investigate the contribution of maternal cues during the postnatal period in setting the phase of the pups' activity-rest rhythms. It was predicted that if postnatal entrainment exists in the Siberian hamster, then the phases of pups would be either completely reversed by the experimental treatment or at least shifted toward the phase of the foster mother and away from that of the natural mother. Breeding pairs were maintained on long-day light-dark cycles (16:8) with lights off at either 15:00 (LD group) or 12 h out of phase with lights off at 03:00 (DL group). LD and DL breeding colonies were checked on a daily basis to ensure correct aging of pups. On the day of birth, the male breeder was removed from the cage containing the mother and PD 1 pups, and pups were exchanged between mothers. Exchanges of pups between mothers on the same light-dark cycle constituted the control group (Exp. 3A), and exchanges between mothers previously in LD and mothers previously in DL constituted the experimental group (Exp. 3B). The cage containing the foster mother and litter was placed into DD within a photoperiod chamber at ZT 12 when the foster mother was in the normal LD cycle or at ZT 0 when the foster mother was on the reversed LD cycle (i.e., 15:00). Animals were maintained in DD for the duration of the experiment. At weaning, the pups were placed in individual cages with running wheels and the mother left within the same cage but with the addition of a running wheel and infrared detector connected to the activity-monitoring system (as described for Exp. 1).
RESULTS
Experiment 1: Development of Circadian Rhythms in the Absence of a Postnatal LD Cycle
In each of the 19 litters studied in the experiment, at least 2 pups were suitable for analysis. Of the 92 pups weaned, 74 had sufficiently robust wheel-running rhythms such that the phase of activity onset (defined as CT 12) at weaning could be determined. Of the 19 mothers, 15 had sufficiently clear rhythms for a phase to be determined. There was no significant difference in the degree of synchrony within litters derived from mothers that had poor activity rhythms as compared to those derived from mothers with clear rhythms (Mean ± SEM, clear: r = .93 ± .02, n = 15 vs. poor: r = .88 ± .06, n = 4; Mann Whitney U test, U = 20.5, p = .338). Fig. 1 presents a representative example of wheelrunning traces for a mother and four of her pups. Fig. 2A shows the phase of individual pups plotted relative to real clock time on the day of weaning. The distribution of pup phases was found to be significantly different from uniform and were clustered around the ZT 12 of the LD cycle to which the mother had been exposed up to and including the day of parturition (Rayleigh test, Fig. 2A ). The phase distributions of the two groups, LD and DL, were significantly different (Mardia-Watson-Wheeler test, B = 320, n = 74, p < .001) and approximately 180º apart (filled circles, mean phase = 16:34; open circles, mean phase = 02:42). As illustrated in Fig. 2B , the phases of individual pups were also found to be synchronized when analyzed relative to maternal phase, with significant clustering in the direction of the maternal phase of activity onset (maternal phase = 00:00; mean phase of pups = 00:20). Individual Rayleigh tests were carried out on the three litters with 5 or more pups. These revealed significant (p < .01) clustering within each litter, and r values of .97, .95, and .93 (e.g., Fig. 7A ).
Experiment 2: Effect of Absence of an LD Cycle During the Prenatal and Postnatal Periods on the Co-Ordination of Litter Phase
Five of the 6 breeding females delivered a second litter, which had been exposed to DD from embryological day (E) 6/7 to the end of the experiment (PD 18). Of the 23 pups weaned, 20 had sufficiently robust wheel-running rhythms such that the phase of activity onset (CT 12) at weaning could be determined, and all 5 mothers gave sufficiently clear rhythms for a phase to be determined. Fig. 3A shows the phases of individual pups plotted relative to real clock time on day of weaning. The phases were significantly synchronized and clustered around the ZT 12 of the LD cycle to which the mother had been exposed until the sixth or seventh day of gestation (mean phase [µ] = 14:41, ZT 12 LD cycle of mother = 15:00; p < .01, Rayleigh test, Fig. 3A ). The phases of individual pups were also significantly synchronized when examined relative to maternal phase (p < .01, Rayleigh test, Fig. 3B ). Moreover, this significant clustering occurred in the direction of the maternal phase of activity onset (maternal phase = 00:00; mean phase of pups = 02:00).
These data were compared with those from Exp. 1 to determine the effect of exposure to a LD cycle versus DD during gestation. The phase distributions of the pups plotted on real clock time for the LD group from Exp. 1 and those in the current experiment showed no significant difference (Mardia-Watson-Wheeler test, B = 34.6, n = 74, p = .082). A comparison of the two groups, but with the distributions of pup phases plotted relative to maternal phase, was also found not to be significantly different (Mardia-Watson-Wheeler test, B = 36.1, n = 78, p = .082). Moreover, both groups, whether plotted on real clock time or relative to maternal phase, had similar mean phases (real clock time: 
Experiment 3: Effect of Cross-Fostering Litters with Dams on Reverse LD Cycles
All of the 24 litters studied in the experiment gave rise to at least 2 pups per litter suitable for analysis. Of the 113 pups weaned, 86 had sufficiently robust wheelrunning rhythms such that the phase of activity onset (CT 12) at weaning could be determined. Of the mothers, 20 had sufficiently clear rhythms for the phase of activity onset to be determined. While some litters were large enough to analyze statistically synchrony of the litter (four litters with ≥ 5 pups) and maternal co-ordination, most contained insufficient numbers (20 with ≤ 4 pups). For this reason, phase data for mothers and pups were grouped for the purposes of analysis. Fig. 4A shows the phases of individual pups plotted relative to real clock time on the day of weaning. Pups were significantly clustered and associated with the ZT 12 of the LD cycle to which the dam had previously been exposed and until the day of parturition (p < .01, Rayleigh test, Fig. 4A ). The phases of the pups were significantly synchronized when examined relative to maternal phase of the natural mother, but not to that of the foster mother (Rayleigh tests, Figs. 4 B,C) . Analysis of the phases of pups relative to the phase of their natural mother revealed significant clustering in the direction of the maternal phase of activity onset (maternal phase = 00:00; mean phase of pups = 03:40). ), which their mother had been exposed to until the day of parturition, B: relative to the phase of activity onset of their natural mother, and C: relative to the phase of activity onset of their foster mother. The mean phase of the group is indicated by the arrow within the 24-h circle, and the length of the arrow (r) indicates the degree of synchrony. Note that the sample size in 4B differs from 4A because the activity record of one mother was not sufficiently robust to allow determination of maternal phase, hence data from this litter are presented in relation to real clock time only.
Exp. 3A: Control Treatments
These data were compared with the baseline data of Exp. 1 to assess the disturbance effect of the crossfostering paradigm on pup phase: the phase distributions of the pups expressed on real clock time for the LD group from Exp. 1 and that of the current study were not significantly different (Mardia-Watson-Wheeler test, B = 6.0, n = 81, p = .135). However, comparison of the two groups, but with the distributions of pup phases plotted relative to maternal phase (foster mother), was significantly different (Mardia-Watson-Wheeler test, B = 79.5, n = 86, p = .018). Examination of the plots of phase distributions ( Fig. 2A vs. Fig. 4A and Fig. 2B vs. Fig. 4C ) revealed that this reflects a difference in the scatter but not in the mean phase of the groups (mean phase with respect to circadian time of foster mother: cross-foster controls [Exp. 3A] = 00:35, no treatment [Exp. 1] = 00:20; degree of synchrony with respect to circadian time of foster mother: cross-foster controls [Exp. 3A] r = .26, no treatment [Exp. 1] r = .78). Thus, pups in the Exp. 3 control group that had been cross-fostered between mothers on the same photo cycle were less clustered around the maternal phase than pups that had not been cross-fostered (Exp. 1). A Rayleigh test carried out on the litter with 6 pups (r = 0.67, p = .06; Fig. 7B ) also revealed less within-litter synchrony than observed in the individual litters in Exp. 1. Fig. 5 presents an example of wheel-running traces for a natural mother (LD), foster mother (DL), and the three cross-fostered pups in the litter. In this example, the phases of the pups were similar to that of the foster mother and not that of the natural mother. Fig. 6A shows phases of individual pups that were crossfostered between mothers on reversed LD cycles; the data are plotted relative to real clock time on day of weaning. Pups were found to be weakly but significantly synchronized (r = .26, p = .033), and the mean phase of the pups (µ = 05:40) was in the direction of ZT 12 of the LD cycle of the foster mother (03:00) rather than that of the natural mother (15:00). A similar result was obtained by examining the phases of the pups relative to both the phases of natural and foster mothers ( Fig. 6 B,C) . In the case of the natural mother, there was significant pup synchrony, but the mean phase was in the opposite direction to the maternal phase (µ = 15:02 [-9 h], maternal phase defined as 00:00). However, examination of the plot of the phases of individual pups relative to the phase of the foster mother revealed both significant clustering and a mean phase that was close to the phase of the foster mother (µ = 01:48, maternal phase defined as 00:00). Individual Rayleigh tests were carried out on the three litters with 5 pups. These revealed significant (p < .05) clustering within each litter, and r values of .94, .88, and .79 (e.g., Fig. 7C ).
Exp. 3B: Reversed LD Cycle
Comparison of the pups cross-fostered between mothers on reversed LD cycles with the pups crossfostered between mothers on the same LD cycle revealed significant differences in both phase direction and the degree of synchrony. Mardia-Watson-Wheeler tests revealed a significant difference between the distribution of pup phases expressed relative to real clock time (B = 234.7, n = 87, p < .001) and between the distribution of pup phases relative to maternal phase (control group natural mother vs. experimental group natural mother: B = 202.8, n = 67, p < .001). However, no significant difference was revealed between the distribution of pup phases relative to maternal phase (control group foster mother vs. experimental group foster mother: B = 9.5, n = 64, p = .607). The differences established by these tests are shown both in the direction of the mean phase and in the degree of synchrony for the two groups (see Fig. 4A vs. Fig. 6A, Fig. 4B vs. Fig. 6B, and Fig. 4C vs. Fig. 6C ). For the plot of pup phases expressed relative to real clock time and to the circadian time of the natural mother, scatter was greater for the experimental group, whereas for the plot of pup phases expressed relative to the circadian time of the foster mother, scatter was greater in the control group.
Overall, these results show that when pups were exchanged between mothers on reversed LD cycles, the phases of the pups were generally associated with the phase of the foster mother and in antiphase with that of the natural mother (measured either as ZT 12 of the maternal LD cycle or maternal CT 12). In the case of the control group, where pups were exchanged with mothers on an identical LD cycle, the phases of the pups were generally associated with the phase of the natural mother.
Effects of Cross-Fostering on Synchrony of Pups
Control and experimental cross-fostering treatments in Exp. 3 resulted in less synchrony of the pup phases as compared to untreated animals used in Exp. 1 (Mardia-Watson-Wheeler tests, see above). Two factors could contribute to this reduced synchrony: increased scatter between the phases of pups within individual litters and/or increased interlitter vari-ation. The mean vector length (r) was determined for the phases of pups for every individual litter from Exps. 1-3 as a measure of synchrony between the phases of the pups (Table 1) . No significant difference between treatment groups occurred (Kruskal-Wallis test: H = 5.9, df = 3,44, p = .119). This suggests that the Figure 5 . Example activity traces from a natural mother, foster mother, and cross-fostered pups. The litter was exchanged on the day of birth between mothers, which had been previously exposed to opposite light-dark cycles (LD and DL). Wheel-running activity traces are double-plotted, and all animals are free-running in constant dim red light. NM: natural mother, FM: corresponding foster mother, P1-P3: three cross-fostered pups. Day 1 is day of weaning. Note that the phase of activity onset at weaning (↓ ) of the pups (P1-P3) is not associated with the phase of the natural mother (NM), but with that of the foster mother (FM).
Figure 6. Phase distributions of pups that were cross-fostered between mothers on different LD cycles. All phases for pups cross-fostered from mothers on the reversed (DL) light-dark cycle to mothers on the LD photocycle have been reversed by 180º.
Phases of activity onsets of individual pups are plotted. A: relative to the time of lights off (ZT 12) that their mother had been exposed to until the day of parturition, B: relative to the phase of activity onset of their natural mother, and C: relative to the phase of activity onset of their foster mother. The mean phase of the group is indicated by the arrow within the 24-h circle, and the length of the arrow (r) indicates the degree of synchrony. Note that the sample size in 6B differs from 6A because the activity records of 4 mothers were not sufficiently robust to allow determination of maternal phase, hence data from these litters are presented in relation to real clock time only.
increased scatter among pups in the grouped analyses is only weakly contributed to by the scatter within individual litters. Also, the analyses of within-litter synchrony, which were carried out whenever litters contained 35 pups, revealed significant clustering in all but one case. Thus, the various treatments might alter circadian phase of the pups, but the litter tends to shift as a unit where pups tend to remain synchronized to one another within the litter (Fig. 7) .
The effect of cross-fostering litters with mothers on reversed LD cycles on the distribution of pup phases can be categorized according to how they are associ-ated with the phase of the foster mother, and alternatively, the degree of association with either the ZT 12 of the foster mother or natural mother. This was defined by categorizing whether the majority of pups within a litter fell within ±4 h of the maternal phase/ZT 12 of the natural mother, ±4 h of the maternal phase/ZT 12 of the foster mother, or fell within the 8 h between the two maternal ranges. In the former, 42% of litters had pup phases that were directed toward the phase of the foster mother, whereas 58% of litters had pup phases distributed intermediately between the phases of the foster and natural mothers, The phases of the natural mother (M) and foster mother (m) are located on the perimeter of the 24-h circle. The arrows on the perimeter of the 24-h circle indicate the respective ZT 12 (lights off) that the dam was exposed to until the day of parturition. A: Litter from Exp. 1, where animals were given no treatment. B: Litter from Exp. 3A, pups were cross-fostered between mothers on the same light-dark cycle, in this case both in DL. C and D: Litters from Exp. 3B, pups were cross-fostered between mothers on reversed light-dark cycles, in the case of C from a LD mother to a DL mother, and in the case of D from a DL mother to a LD mother. Zeitgeber time 12 for the LD mother was 15:00, and for the DL mother, 03:00. Where litter sizes were ≥5, the phase distribution of pups for individual litters was analyzed using the Rayleigh test. and 0% of litters had pup phases that are directed toward the phase of the natural mother. Using ZT 12 of the mothers' LD cycle, 44% of litters were found to have pup phases directed toward the phase of the foster mother, 18% had pup phases directed toward the phase of the natural mother, and 38% had pup phases distributed intermediately between the phases of the foster and natural mother. Therefore, in most cases the influence of the mother in reorganizing the circadian phases of the fostered pups can be observed.
Effects of Cross-Fostering on Period of Locomotor Rhythms
The period of rhythms in the various groups of pups (Table 1) was analyzed by one-factor ANOVA. This revealed significant differences in periodicity (F = 5.6, df = 3, 132, p = .0012). Dunnett's t-tests revealed that the period of the free-running rhythms was significantly longer in pups that stayed with their natural mother (Exps. 1 and 2) than in the cross-fostered groups (Exps. 3A and 3B). ANOVA indicated no significant differences between the free-running periods of mothers from different groups (F = 0.3, df = 3, 26, p = .8136). Overall, the free-running periods of the pups were significantly greater than those of their mothers (Mean ± SEM: mothers = 23.96 ± 0.05, n = 30; pups = 24.11 ± 0.02, n = 136; unpaired t-test, t = 4.2, df = 164, p = .0001). The free-running periods of the mothers used in this study were significantly longer than those of adult males (23.84 ± 0.02, n = 28) concurrently used in other studies within our laboratory (unpaired t-test, t = 2.2, df = 56, p < .05).
Effects of Pups on the Phase of the Maternal Locomotor Rhythm
Temporal differences between the measured CT 12 of the mother at weaning and the ZT 12 of the LD cycle to which the mother was previously exposed were analyzed. This revealed no significant effect of treatment between no cross-fostering (Exp. 1: +1.3 ± 1.2 h, n = 15, mean ± SEM), cross-fostering with pups on the same LD cycle (Exp . 3A: -1.75 ± 1.8 h, n = 7) , and cross-fostering with pups on the opposite LD cycle (Exp. 3B: -0.6 ± 1.2 h, n = 11) (one-factor ANOVA: F = 1.2, df = 2, 30, p > .1). Thus, the pups did not influence the phase of their mother 's locomotor rhythm.
DISCUSSION
Maternal Entrainment in the Siberian Hamster
The results of Exp. 1 demonstrate that in the absence of LD cues during the postnatal period, weaned pups are still entrained to their mother and to the LD cycle that the mother was exposed to during gestation. This would suggest that the developing animals are entrained by signals derived from the mother during the fetal and/or the postnatal period. However, from this experiment alone, one cannot exclude the possibility that light can have a direct effect on the perinatal SCN while in utero or during the first 24 h following birth. Light of the appropriate wavelength to entrain the adult rodent can reach the lumen of the uterus of the rat (Jacques et al., 1987; Provencio and Foster, 1995; Takahashi, DeCoursey, et al., 1984) , but it is not known whether such light could be perceived by the developing circadian system of the fetus. The retinal inputs that convey photic information to the circadian clock in altricial rodents do not begin to innervate the SCN until the postnatal period (Speh and Moore, 1993) , beginning on PD 3 in the Siberian hamster (Duffield et al., 1996) , and light cannot induce c-fos expression within the Siberian hamster SCN until PD 3 (Duffield et al., 1995) . However, recent studies in adult humans indicate that extraocular mechanisms may convey photic cues to the brain (Campbell and Murphy, 1998) , thus the possibility of direct photic influences on the developing fetus cannot be excluded. Exp. 2 tested the hypothesis that the perinatal animal was being entrained by cues derived from the mother and not by environmental light cues. The weaned litters from dams transferred from a LD cycle to DD on gestational day 6/7 were highly synchronized and entrained to both the mother and LD cycle, an identical relationship as shown by the litters of Exp. 1. Day 7 of gestation is at a stage of development prior to SCN neurogenesis. Neurogenesis of the SCN occurs in the Syrian hamster and the rat between E 10 and E 12, and E 12 to E 16, respectively (Altman and Bayer, 1986; Crossland and Uchwat, 1982; Davis et al., 1990) . These results strongly suggest that the synchrony shown by animals in Exps. 1 and 2 is a product of entrainment by nonphotic cues. Studies in other species indicate that entrainment during the fetal and early postnatal period is produced by cues derived from the mother (reviewed in Reppert et al., 1989; Takahashi et al., 1989) . For example, lesioning of the maternal SCN in the Syrian hamster or rat early in gestation produces litters with asynchronous rhythms (Davis and Gorski, 1988; Reppert and Schwartz, 1986b) . Therefore, synchrony shown by the litters in the current study is probably a result of maternal entrainment and not produced by an unknown environmental zeitgeber.
Maternal Entrainment During the Preand Postnatal Periods
The results of Exp. 3 demonstrate the ability of the mother to influence the phases of the litter during the postnatal period, that is, revealing the existence of maternal-postnatal entrainment in the Siberian hamster. A large proportion of litters responded by shifting their phases in the direction of the foster mother, either partially or by the full 12 h, with only a minority remaining faithful to the phase of the natural mother. This variability in phase with a foster mother may reflect disruption caused by cross-fostering, per se, and the possibility that the foster mother is a less potent zeitgeber than the natural mother. Indeed, in the control studies in which pups were cross-fostered between mothers that had been on exactly the same LD cycle, there was greater scatter (Exp. 3A, Fig. 4C ) than in pups that had remained with their natural mother (Exp. 1, Fig. 2B) .
The clear evidence for postnatal entrainment in the current study is in contrast to a similar study in the Syrian hamster. Davis and Gorski (1986) examined the role of the Syrian hamster mother in co-ordinating circadian phase during the postnatal period by crossfostering newborn pups with mothers on a reversed LD cycle, and subsequently examining locomotor rhythms after weaning. They found that animals were not synchronized to one another or to their foster mother. Half of the pups showed phases predicted by the LD cycle of their prenatal mother, and the other half showed diverse phases. This would suggest that in the Syrian hamster, there is a rather weak influence of the foster mother during the postnatal period, though sufficient to disrupt the phases of a proportion of the pups. The results of the current study bear greater resemblance to those of cross-fostering studies in the rat. Using endocrine rhythms of plasma corticosterone, plasma melatonin, and pineal NAT activity, as well as behavioral endpoints of locomotor activity and drinking behavior, a range of results, from complete entrainment to minor effects on pup phase, have been demonstrated (reviewed in Takahashi et al., 1989) . This variability between individual studies even in the same species (i.e., the rat) may reflect differences in the experimental paradigm, in the sensitivity of the endpoint being measured, and also differences in litter size (see below).
One difference between studies that showed complete entrainment of rat pups from those that showed only a minor effect is that in the former the foster mother was maintained on a LD cycle throughout the postnatal period and with the pups blinded at birth (e.g., Takahashi and Deguchi, 1983; Takahashi et al., 1982; Sasaki et al., 1984) . In the other studies, including the current experiments in the Siberian hamster, pups remained intact and dams and pups were maintained in constant lighting conditions (constant darkness or dim red light) throughout the postnatal period. For example, in two studies that measured pineal NAT activity profiles from groups of pups, Deguchi (1975) showed that rat pup phases were intermediate between the phases of the natural and foster mother, whereas Reppert and colleagues (1984) reported litters with variable responses; some litters were in phase with the foster mother, some with the natural mother, and others were arrhythmic. This would suggest that where mothers were maintained on a LD cycle, entraining signals communicated to the pups may be stronger by virtue of the reinforcing LD cycle. This may have been through pronounced behavioral responses to lights on and off in the experimental chamber, or alternatively through ensuring the mother remained rigidly entrained and her phase was not compromised by interactions with the pups. One might hypothesize that a weaker entraining signal would be produced by a free-running mother during the postnatal period. Reppert and colleagues (1984) compared rhythms of pineal NAT activity in 10-day-old rat pups that had either been optically enucleated at birth and maintained with a foster mother on a reversed LD cycle or that were maintained in DD with a foster mother that had been on a reversed LD cycle prior to parturition. They could not distinguish differences in the strength of postnatal entrainment, though the experimental approach of inferring phase on the basis of population measures of pineal NAT activity might not be sufficiently sensitive to detect small differences.
The current demonstration of maternal influences on circadian rhythm phase during the neonatal period in the Siberian hamster contrasts with the relatively weak maternal influence at this stage of development described by Davis and Gorski (1986) in the Syrian hamster. In fact, the potential for entrainment during the postnatal period clearly does exist in the Syrian hamster, as revealed by the synchronizing effects of timed melatonin treatments during the first postnatal week (Grosse et al., 1996) . One likely explanation for this species difference may relate to litter size, which is generally smaller for Siberian hamsters (typically 4-5) (Ebling, 1994) than for Syrian hamsters (typically 6-10) (Davis and Gorski, 1988; Davis and Mannion, 1988; Grosse et al., 1996) . Honma and colleagues (1987) revealed a litter size effect on the ability of a foster mother to re-entrain the phases of rat pups, in that a greater proportion of pups were synchronized to the phase of the foster mother when the litter size was small than when it was large.
Despite a large proportion of pup phases being co-ordinated to the foster maternal phase (as defined by ZT 12; Fig. 6A ), a proportion were found in the direction of the phase of the natural mother. The observation that there is increased scatter of the phases of pups cross-fostered to a mother in antiphase with their natural mother as compared to the scatter of the phases of pups cross-fostered to a mother at the identical phase as their natural mother (Fig. 4A ) provides indirect evidence that pre-or perinatal entrainment occurs in the Siberian hamster, that is, the cross-fostering protocol suggests that the pups re-entrain from an existing phase at birth to a new phase. We infer from these results that under natural conditions, the synchronization of pups begins either prenatally or at birth, but is reinforced during the postnatal period. The occurrence of prenatal maternal entrainment would be consistent with such an influence in the Syrian hamster and rat (Davis and Gorski, 1986, 1988; Reppert and Schwartz, 1986b; Shibata and Moore, 1988) .
Other Effects of the Experimental Paradigms on the Developing Circadian System
The free-running periods of the pups from crossfostered groups had shorter free-running periods than both the Exp. 1 and Exp. 2 groups. The significance of this is unclear. All pup free-running periods were within the documented range for the Siberian hamster (Puchalski and Lynch, 1992) , but they were longer than those in the mothers used in the current study and adults used in other studies. Consistent with cross-foster studies in the Syrian hamster and rat, free-running periodicities for the cross-foster control and cross-foster experimental groups in the current study were similar (Davis and Gorski, 1986; . The discovery that pup periodicities were generally longer than in the adult is surprising, although such a difference has also been documented in the Spiny mouse (Acomys cahirinus) . The most simple explanation would be that this finding is a developmental phenomenon that is lost later in life, perhaps following exposure to a LD cycle. We have observed spontaneous changes in free-running period in other studies in the adult Siberian hamster maintained in DD, often associated with an acute treatment event, such as a saline or drug injection, but also occurring spontaneously (Duffield and Ebling, unpublished observations) .
In the current study, weaning consistently occurred between 11:00 and 14:00. This might be expected to fall during subjective day for the animals derived from the LD light-dark cycle and during subjective night animals from the DL light-dark cycle. The fact that pups and dams in Exps. 1 and 2 were significantly clustered around ZT 12 of the mothers' prior light-dark cycle, and to the maternal phase, would suggest little or no influence of the event of weaning on the circadian phase. In fact, both LD and DL groups showed similar degrees of synchrony and direction of the mean phase toward their respective ZT 12. Behavioral studies in the Syrian hamster examined the effect of weaning on pup phases by weaning animals from the same litter at two different times of the day, approximately 12 h apart (Davis and Gorski, 1985 Viswanathan and Davis, 1992; Grosse et al., 1996) . This revealed either a small effect (Davis and Gorski, 1985, 1986) or no effect (Davis and Gorski, 1988; Viswanathan and Davis, 1992; Grosse et al., 1996) , depending on the individual study.
In conclusion, these studies reveal that maternal entrainment can occur during the postnatal period in the Siberian hamster. The current results also suggest maternal entrainment occurring as early as birth or prenatally. These results are consistent with the hypothesis that maternal entrainment is a potent zeitgeber in altricial rodents at a time when light cues cannot be perceived directly by the developing animal. The results also support the idea that maternal entrainment during the postnatal period is an important regulatory mechanism, presumably acting to reinforce the phase of the circadian clock originally established during the prenatal period.
